For the first time, a series of high molecular weight (1-4x10 5 g mol -1 ) sulfonated poly(oxadiazole-triazole) copolymers have been synthesized at high temperatures and very short reaction time, by a single-step method based on solution polycondensation reaction of non-sulfonated dicarboxylic acid, hydrazine sulphate and aromatic primary amine (sulfonated and non sulfonated) in poly(phosphoric acid).
Introduction
The conventional proton conductive membranes like Nafion ® are manufactured from sulfonated polymers. Proton conductivity in these cases requires high hydration levels and the proton transport is in great extent promoted by water movement inside the membrane. Sulfonated membranes tend to loose conductivity above 100 o C due to dehydration, hence the maximum operation temperature of a polymer electrolyte fuel cell is usually kept below the boiling point of water, although at higher temperatures would bring considerable advantages from the point of view of reaction kinetics and catalyst susceptibility to contaminants. To overcome this drawback several groups are searching worldwide for alternative membranes able to transport protons by other mechanisms or at least able to properly operate at a broader temperature range and at lower humidification levels. The most investigated material for this condition is polybenzimidazole (PBI), which was introduced by Savinell [1] and is today after manufacture in membrane-electrode assembly commercialized by BASF Fuel Cell. Pristine PBI has a negligible proton conductivity, but when doped with phosphoric acid (ca. 5 H 3 PO 4 molecules per PBI unit) the proton conductivity reaches values of 60 mS/cm at 180 o C, as mentioned in an extensive review on PBI membranes recently published by Li and Jensen [2, 3] . The idea behind it is that PBI contain rather basic groups, which act as proton acceptor in an acid-base "reaction"
with the doping acid. In ideal case after protonation the imidazole group should be able also to donate the proton back to an acid molecule and further promote its effective migration. However this is not the only and not even the main event involved in the proton transport in PBI. Actually a large amount of free acid molecules is present and in great part they act as vehicle for the proton transport. The well known disadvantage is that under operation this acid can be leached out of the membrane. Another disadvantage of PBI is the low proton conductivity at room temperature even when acid doped. When aiming application in the automotive industry this is also an important issue. In the last years a lot of efforts have been dedicated to improve PBI membranes by changing their chemical structure, like is reported in a review of Leikin et at. [4] . A strategy has been the introduction of sulfonic groups [5] . Promising results have been reported by incorporating pyridine into the backbone [6, 7] . Our group has been investigating another class of polymers, also containing amphoteric heterocyclic groups, which could act as proton acceptor and donor. A series of papers based on polyoxadiazole has been published [8] [9] [10] [11] .
Here in this paper the focus is on polytriazoles. As mentioned before for working well not only basicity is required but the polymer must be able also to donate protons and therefore a very well balanced amphoteric character must be offered, otherwise the proton transfer might be blocked. Triazole and oxadiazole groups are less basic than pyridine and are expected to offer more convenient amphoteric sites for proton transfer. Furthermore acid sulfonic group could be additionally introduced. Both the amphoteric triazole/oxadiazole groups and the acid sulfonic groups are favorable sites for hydrogen bonding.
So far the reason for choosing polytriazole is explained above but this is only the first step. The most important issue in this paper is how to synthesize polytriazole with a rather simple and fast method and leading to a product not only with high proton conductivity but also with good enough mechanical properties to prepare membranes and in a future stage to manufacture them into stable membrane electrode assemblies.
The literature describes different routes for the synthesis of polymers containing the 4-phenyl-or 4-hydro-1,2,4-triazole unit in the structural backbone or as pendant groups [12] . The reaction between ditetrazoles and diacid chlorides affords relatively low molecular weight polymers. On the other hand high molecular weight polymers can be obtained by the cyclocondensation reaction of aniline with aromatic polyhydrazides in polyphosphoric acid (PPA). However the conversion from polyhydrazides to polytriazoles is not always high. If polytriazoles are expected to be produced in a large scale, there is a need to synthesize high molecular weight polytriazoles in short reaction time at high temperatures without residual hydrazide groups and soluble in common polar aprotic organic solvents.
In this paper, we describe a short time one-pot synthesis of high molecular weight sulfonated poly(1,3,4-oxadiazole-1,24-triazole)s and the effect of the synthesis conditions (initial reaction time, t 1 , and total reaction time, t T ) on the polymer properties, specially taking into account the conversion degree and sulfonation level, for their application in fuel cells. The one-stage synthesis of polytriazoles is not only of technologically but also of economically convenience compared to multiple-stage process. Therefore, sulfonated poly(oxadiazole-triazole)s copolymers were synthesized via one-step polycondensation reaction of hydrazine sulfate, a non sulfonated dicarboxylic acid and aromatic primary amine (sulfonated and non sulfonated) in polyphosphoric acid. The reaction time (t 1 and t T ) effect on the degree of conversion (N/C ratio) to polytriazoles was investigated. By using an aromatic primary amine containing in its structure at least one sulfonic acid group the sulfonation level (S/C ratio) was controlled. According to Figure 1 , an optimum t 1 will allow the polymerization to take place following mechanism A, i.e., the synthesis of 
Synthesis of sulfonated poly(oxadiazole-triazole) copolymers
The general synthesis procedure can be described as follow: PPA was initially heated up to 100°C in a 500 mL three-necked flask equipped with a mechanical stirrer. Dry argon was continuously fed into the flask to keep the reaction atmosphere free of oxygen and water during the whole synthesis procedure. Once the temperature was reached, hydrazine sulfate (HS) was added to the PPA. Meanwhile the temperature was increased up to 160°C and the reaction media was stirred until homogenization. Once reached the reaction temperature, 4,4'-diphenylether dicarboxylic acid (DPE) was added to the reaction medium and left to react at this temperature for a period of time according to the experimental design (from 1 to 3 hours). The molar dilution rate (PPA/HS) and the molar monomer rate (HS/DPE)
were kept constants and equal to 10 and 1.2, respectively [9, 12, 13, 14] . Then, the temperature was increased up to 180 °C and the reaction medium was kept continuously stirring. Reaching this temperature, the aromatic primary amine (sulfonated or not) was added to the flask and left to react at this temperature in such a way that the total reaction time ranged from 3 to 16 hours. The aromatic amine was added with a molar ratio of 1:1 to the in situ formed polyhydrazide. After finishing the batch and to precipitate the polymer, the reaction medium was poured into a 5% w/v of cold (0°C) sodium hydroxide solution. The pH of this precipitation bath was controlled by addition of additional amounts of 5 % (w/v) NaOH aqueous solutions.
The blue-dark fiber obtained in this way was gently washed with distilled water, then filtrated and re-immersed in water during 48 hours at 25 °C and then dried in vacuum oven at 100°C during 48 hours.
Poly(1,3,4-oxadiazole-2,5-diyl-1,4-phenyleneoxy-1,4-phenylene)-co-poly[4-(4'-sulfophenyl)-1,2,4-triazole-3,5-diyl-1,4-phenyleneoxy-1,4-phenylene] (s-POD-SPT)
The structural characterization of polymers prepared with sulfonated aniline was obtained by elemental analysis. The proposed theoretical structures of the polymer samples are presented in Table 1 (Table 1) 
Poly(1,3,4-oxadiazole-2,5-diyl-1,4-phenyleneoxy-1,4-phenylene)-co-poly(4-phenyl-1,2,4-triazole-3,5-diyl-1,4-phenyleneoxy-1,4-phenylene) (s-POD-PT)
For polymers prepared exclusively with non-sulfonated aniline, the final polymer yield was always around 95% regarding the limiting reactant (DPE). The structural characterization obtained by elemental analysis and the proposed theoretical structures of the polymer samples are presented in Table 1 (samples 8 to 11) and 
Membrane preparation
A homogeneous solution containing 5 wt. % of polymer dissolved in NMP or DMSO was stirred for 4 hours at 65°C and cast on a glass plate (previously hydrophobized with octadecyl trichlorosilane) at the same temperature during 24
hours for solvent evaporation. The final film thickness was controlled by pouring the polymer solution into a stainless steel ring of 10 cm diameter. After casting, the membrane was dried in a vacuum oven for 24 hours at 80°C. To remove the residual solvent, the membranes were immersed in water bath at 60°C for 48h and dried in a vacuum oven at 60°C for 24h. The final thickness of the blue-dark membrane was around 100 μm.
In order to analyze the cation size effect upon the proton conductivity, some sulfonated s-POD-SPT and s-POD-PT membranes prepared using DMSO as solvent were converted into their acid form by immersion in 0.1M HCl at room temperature for 24 h, followed by immersion in water for 2 x 24 h to ensure total leaching of residual chlorhydric acid.
Characterization
The polymer structures were characterized by elemental analysis and 1 H-NMR spectroscopy. Elemental analyses were conducted on a Thermo Finnigan -CE Ionic conductivity was measured by the AC impedance spectroscopy in the frequency range 10-10 6 Hz at signal amplitude ≤ 10 mV and derived from the high frequency intercept of the complex impedance with the real axis, using a two electrode arrangement and at 100% of relative humidity. The impedance measurements were carried out on stacks containing up to five membranes (similar cumulative thickness, around 500 μm). The measurements were performed at 100 % relative humidity, using a cell similar to that described by Alberti et al. [15] . The spectrometer used was a Zahner IM6 electrochemical workstation.
Dynamic mechanical thermal analysis (DMTA) was used for determination of glass transition temperature (T g ), storage modulus (E'), loss modulus (E'') and loss tangent (Tan δ). DMTA was performed using a TA instrument RSA 2 with a film tension mode at a frequency of 1Hz and initial static force of 0.1 N. The temperature was varied from 25 to 500 °C at a heating rate of 2°C/min and at a constant strain of 0.05%.
The viscosity of PPA solutions was measured at 30 °C in a LVTD Brookfield digital viscometer.
Results and Discussion

Polymer Synthesis
The synthesis conditions for the poly(oxadiazole-triazole) copolymers have been selected considering previously reported optimized synthesis method for polyoxadiazoles (POD) with high molecular weight, high sulfonation level (IEC around 1.26 mequiv g -1 ), soluble in organic solvents [9, 13, 14] and good proton conducting properties. In the present work and in order to improve the synthesis conditions of the polytriazole polymers depicted in Figures 2, the effect of the reaction time (t 1 and t T ) on the degree of conversion (N/C ratio) to polytriazoles, as well as on the sulfonation level (S/C ratio) was investigated using aniline and an aniline derivative containing a sulfonic acid group in para-position, 4-aminobenzenesulfonic acid, S-ANI. For these sPOD-PT copolymers, the conversion of oxadiazole rings to triazole (N/C ratio) was determined by elemental analysis and calculated according to equation (1) [9] :
Effect of t 1 and t T on the N/C ratio:
Taking into account the proposed reaction mechanisms described in Figure 1 , an optimum t 1 should lead to a high or total consumption of the initial monomers (HS and DPE) to render polymers with a high content of triazoles rings (N/C close to 0.175); the optimum t 1 favor the prior in-situ formation of polyhydrazide, which will be cyclocondensated with S-ANI to render a polytriazole (mechanism A, Figure 1 ). However if t 1 is too long, the polyhydrazide will start to cyclodehydrate to POD (mechanism D, Figure 1 ) and as a consequence the conversion to polytriazoles will be low. In the opposite case, if t 1 is too short part of the starting monomers will remain unreacted in the solution and as soon as S-ANI is added they will react according to mechanism B and C. Also in this case the conversion to polytriazole would be low. Analyzing the results of Table 1 [17] when synthesizing polytriazoles using aniline in combination with chloro aniline;
it was determined that incorporation of the aniline derivative is easier than the incorporation of aniline itself. It is known that aniline and its derivatives forms a complex with PPA (anilinium or phenylammonium ion, C 6 H 5 -NH 3 + ), which is in equilibrium with the free amines [16] . Taking into account the basicity of aniline (pKa: 4.58), chloro aniline (pKa: 3.98) and sulfonated aniline (pKa: 3.12), it is clear that relatively more free sulfonated aniline and chloro aniline would be available in the reaction medium [16, 18] . This means that the presence of the electron withdrawing group (-SO 3 H) in S-ANI shifts the equilibrium between complex and free amine in the direction of the sulfonated aniline (S-ANI). As only free amines can react with polyhydrazide and due to the strong complex formation between polyphosphoric acid and aniline [16] , the concentration of the free amine (aniline)
should be too low to reach a high degree of cyclocondensation of polyhydrazide to polytriazole. This explains the low conversion to polytriazoles obtained for samples 8
to 11 in Table 1 . Contrary to our expectations to obtain polymers with high sulfonation degree when using sulfonated monomers, HS and S-ANI, only polymers with a relatively low sulfonation level were obtained. It is to consider that electron-withdrawing groups in the ortho-and para-position to the sulfonic acid group in the phenyl ring increase the hydrolytic stability of the sulfonic acid group in the aromatic ring; the opposite effect is given by electron-donor substituents like amino (-NH 2 ) groups in ortho and paraposition to the sulfonic acid group, resulting in hydrolytically less stable aromatic sulfonic acid groups [19] . Considering the synthesis conditions here described, the desulfonation of aminobenzensulfonic acid, S-ANI, can be considered as very probable [20] (Figure 1 , mechanism E) and explains the low sulfonation levels reached when synthesizing polytriazole with high conversion using sulfonated aniline. For s-POD-PT copolymers, neither the sulfonation level nor the conversion degree to polytriazole could be confirmed by NMR because of the same reasons explained above for s-POD-SPT copolymers. Also for these copolymers no residual polyhydrazide was detected.
Effect of t 1 and t T on the S/C ratio:
The molecular weight is also a very important requirement for fuel cell membrane materials. High molecular weight polymers lead to better film forming properties and membranes with better mechanical properties. The short one-pot synthesis here described has rendered s-POD-SPT and s-POD-PT copolymers with average mass molecular weights (M w ) in the order of 10 5 g mol -1 (Table 2) ; the obtained high molecular weights can be attributed to the formation of threedimensional crosslinked structures [13] .
( Table 2) Despite having high molecular weight, all the polymers were soluble in organic polar solvents like NMP, DMAc, DMF and DMSO enabling the preparation of dense membranes. It was observed that for polymers synthesized under the same initial reaction time (till the addition of aniline or sulfonated aninline), an increase in the total reaction times diminishes the molecular weight (average mass molecular weights, M w ) almost one order of magnitude as a consequence of the polymer degradation mentioned before ( Figure 3 , Table 2 ).
The sulfonation level (S/C ratio) of ionomeric polymers is crucial for high proton conduction. The figure 5 shows the ionic conductivity values of s-POD-SPT copolymers with different S/C at temperatures between 30°C to 80°C. Taking into account the high ionic conductivity values shown in Figure 5 as well as the relative high molecular weight (Table 2) , a membrane sample with S/C = 0.091 was converted into the acid form and the ionic conductivity was compared to that in the salt form. The significant difference between the ionic conductivity of polymers in salt and in acid form ( Figure 9 ) is attributed to the fact that larger ions have lower mobility than protons [11, 33] . Proton conductivity of membranes in the acid form was as high as 16 mS cm -1 at 50°C and 100% relative humidity.
( Figure 9 )
To analyze the contribution of the pyridine-like N sites (proton acceptor) in the oxadiazole and triazole rings to the proton transport, the proton conductivity of a s-POD-SPT membrane, at 100% relative humidity and at the temperature range of 12 ) were observed. Table 2 shows the T g taken as the maximum of tan δ and loss modulus (E'') curves for some s-POD-SPT and s-POD-PT membranes, respectively. The Tg values for the s-POD-SPT membranes (up to around 440°C) were higher than the Tg for the s-POD-PT membranes (up to around 400°C). The sulfonic group is bulky, making the rotation movement more difficult. Table 2 . Average mass molecular weights (M w ), T g taken as the maximum in the tan δ and loss modulus (E'') curves. 
